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Abstract. A new generation of 3D silicon pixel detectors with a small
pixel size of 50×50 and 25×100µm2 is being developed for the HL-LHC
tracker upgrades. The radiation hardness of such detectors was studied in
beam tests after irradiation to HL-LHC fluences up to 1.4×1016 neq/cm2.
At this fluence, an operation voltage of only 100 V is needed to achieve
97% hit efficiency, with a power dissipation of 13 mW/cm2 at -25◦C,
considerably lower than for previous 3D sensor generations and planar
sensors.
1 Introduction
3D silicon detectors are studied as radiation-hard candidates for the upgrade
of the innermost pixel layers of the ATLAS experiment at the High-Luminosity
(HL)-LHC [1]. The detectors are required to withstand unprecedented radia-
tion levels with 1 MeV neutron equivalent fluences up to 1–2×1016 neq/cm2 and
increased occupancies.
3D detectors have columnar electrodes inside the sensor bulk instead of at
the surface like for planar sensors, so that the electrode distance can be chosen to
be significantly smaller than the thickness [2]. This gives advantages in terms of
less trapping at radiation-induced defects and lower operational voltages, which
translates into lower power dissipation after heavy irradiation. The current gen-
eration of 3D pixel detectors installed in the ATLAS Insertable B-Layer (IBL) [3]
and the ATLAS Forward Proton (AFP) detector [4] consists of 50×250µm2 pix-
els with two 3D electrodes each (2E), which are connected to the FE-I4 readout
chip [5]. Their 3D inter-electrode distance is Lel =67µm at a sensor thickness
of 230µm. This generation demonstrated already a good radiation hardness up
to at least 9 × 1015 neq/cm2 [6]. For the HL-LHC, a new generation of 3D de-
tectors is developed with smaller pixel sizes of 50×50 or 25×100µm2, originally
motivated by occupancy reasons. This also leads to a significant reduction of
Lel down to e.g. 35µm for 50×50µm2 with one 3D electrode per pixel (1E) or
27µm for 25×100µm2 2E, thereby further improving the radiation hardness.
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In this paper, the radiation hardness of a first prototype production of small-
pitch 3D detectors by CNM (Centro Nacional de Microelectronica) in Barcelona
is studied up to HL-LHC fluences for the first time.
2 Small-Pitch 3D Pixel Devices
At CNM, a first 3D sensor run (7781) with small 3D cell sizes was carried out on
230µm thick wafers in the CNM double-sided process technology [7]. Since a new
readout chip with small pixel size is still under development, the small 3D sensor
pixels are matched to the existing FE-I4 readout chip: each 50×250µm2 FE-I4
chip pixel cell contains five 50×50µm2 1E or 25×100µm2 2E sensor pixels, so
that only 20% of the sensor pixels can be connected to a read-out channel. The
remaining 80% insensitive sensor pixels are shorted to ground. The pixel sensors
were bump-bonded to the FE-I4 readout chip, assembled on readout boards and
initially characterised at IFAE Barcelona. More details of the run and initial
laboratory and beam-test characterisations are described in Refs. [8,6].
3 Irradiations
Two complementary irradiation campaigns have been carried out at the Karl-
sruhe Institute of Technology (KIT) and CERN-PS IRRAD facilities.
Two 50×50µm2 pixel devices (7781-W3-C1 and 7781-W5-C2) have been ir-
radiated uniformly to 5×1015 neq/cm2 at KIT with 23 MeV protons. This irra-
diation and fluence is the same as used in the IBL qualification campaigns and
hence allows a direct comparison to the IBL generation. The fluence uniformity
also allows a simple determination of the power dissipation. However, the low-
energy protons are delivering a high ionising dose to the FE-I4 readout chip and
hence higher fluences are likely to damage the chip.
Thus, to reach higher fluences relevant for the HL-LHC upgrade, irradiations
have been carried out at the CERN-PS IRRAD facility with 24 GeV protons,
which provides a non-uniform fluence over the detector area. Hence, it was pos-
sible to study a broad range of fluences on one single pixel detector as already
demonstrated in Ref. [6]. The Gaussian beam profile has been determined with
beam position monitors to 20.4×18.3 mm2 FWHM, and the overall normalisa-
tion has been obtained with gamma spectroscopy of a 20x20 mm2 aluminium
foil, which gave an average fluence of 1.0×1016 neq/cm2 over this area. The flu-
ence in the studied region ranged from 0.8 to 1.4×1016 neq/cm2. Systematic
fluence uncertainties have been estimated between 11% (high fluence) and 24%
(low fluence) using beam centre, beam width and aluminium position variations
by 1 mm. It should be noted that from the initially three irradiated devices
(two 50×50 and one 25×100µm2), eventually only one device was operational
(7781-W4-C1, 50×50µm2) with the other two being non-responsive due to either
readout chip or board failure.
All devices were annealed for one week at room temperature.
4 Performance in Beam Tests
In 2016, several beam tests were performed at the CERN SPS H6 beam line with
120 GeV pions. A EUDET-type telescope made of six MIMOSA planes [9] was
used to provide reference tracks for hit efficiency determination in the selected
active region.
Before irradiation, the small-pitch 3D devices showed a good performance
of 96–97% efficiency at 0◦ tilt already from 1 V on, indicating a very low full
depletion voltage due to the small 3D electrode distance [6].
The irradiated devices were cooled in a climate chamber with set tempera-
tures between -40 and -50◦C, corresponding to on-sensor temperatures between
-25 and -35◦C. No influence of temperature on the performance was found in this
range. The devices were tuned to a threshold of 1.0 and 1.5 ke−. Measurements
were performed at 0◦ and 15◦ tilt with respect to the beam axis.
Figure 1 shows the hit efficiency as a function of bias voltage for different flu-
ences, thresholds and tilts for 7781-W3-C1 (5×1015 neq/cm2) and 7781-W4-C1
(1.0 and 1.4×1016 neq/cm2). As expected, the efficiency is higher for lower flu-
ences, lower thresholds and 15◦ tilt (since situations in which the particle passes
exactly through the insensitive 3D columns are avoided). At 5×1015 neq/cm2 and
0◦, the benchmark efficiency of 97% is already reached at V97%=40 V. Tilting
the device by 15◦ increases the efficiency above 99%. At the highest fluence mea-
sured of 1.4×1016 neq/cm2, the efficiency is surpassing 97% at 100 V for 1.0 ke−
threshold and 0◦ tilt.
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Fig. 1: Efficiency as a function of voltage for different fluences, thresholds and
tilts. The uncertainties are statistical only.
The voltage V97% to reach the benchmark efficiency of 97% is taken as an
indication for a suitable operation voltage. It is obtained from linear interpola-
tion and shown in Fig. 2 as a function of fluence, compared for the new small-
pitch and the IBL 3D generations [6]. The significant improvement due to the
smaller 3D electrode distance and hence less trapping is visible. For example
at 5×1015 neq/cm2, the IBL-generation devices need 120 V to reach 97% effi-
ciency for 0◦ tilt and 1.5 ke− threshold, compared to only 40 V for a 3D cell of
50x50µm2 1E under the same conditions. This results also in a significant reduc-
tion of power dissipation (product of V97% and leakage current at -25
◦C) from
3.5 mW/cm2 for IBL to 1.5 mW/cm2 for 50x50µm2. For the non-uniformly irra-
diated device, the estimation of power dissipation cannot be directly obtained,
but is estimated by combining V97% with the leakage current measured on strip
test structures with the same 3D cell size and fluence [8] as 9 and 13 mW/cm2 at
1.0 and 1.4×1016 neq/cm2, respectively. Hence, the operation voltage and power
dissipation are considerably lower than for planar pixels, for which the best val-
ues at 1.0×1016 neq/cm2 (obtained for 100µm thickness) are V97%=500 V with
a power dissipation of minimally 25 mW/cm2 [10].
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Fig. 2: V97% as a function of fluence, compared for the IBL generation
(50x250µm2 2E) and the new 50x50µm2 1E pixels.
5 Conclusions and outlook
3D silicon pixel detectors have been investigated as candidates for the innermost
pixel layers for the HL-LHC upgrade of the ATLAS detector. Small-pitch pro-
totypes of 230µm thickness have been produced and studied in beam tests after
irradiation to HL-LHC fluences.
At 1.4×1016 neq/cm2, an operation voltage of only 100 V is needed to achieve
97% hit efficiency, with a power dissipation of 13 mW/cm2 at -25◦C, considerably
lower than for previous 3D generations and planar sensors. Hence, an excellent
radiation hardness of small-pitch 3D sensors was found at HL-LHC fluences.
Further irradiation studies of these devices up to even higher fluences above
2× 1016 neq/cm2 are being carried out.
In parallel, further 3D productions are on-going at CNM with improved pro-
cesses in order to increase the yield and breakdown voltages, as has been al-
ready demonstrated [4]. The new runs include productions on thinner wafers
(70–150µm) as well as 3D sensors compatible with the new small-pitch RD53A
readout chip, besides the FE-I4 prototypes.
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